Defect Characterization by Spatial Distribution of Ultrasonic Scattered Energy by Packman, Paul F & Coyne, E J
  
DEFECT CHARACTERIZATION BY SPATIAL DISTRIBUTION 
OF ULTRASONIC SCATTERED ENERGY* 
P. F. Packman and E. J. Coyne 
Vanderbilt University 
Nashville, Tennessee 
The ultrasonic pulse echo technique is a highly sensitive nondestructive 
method for detecting small defects within the bulk of a structure. The 
technique is capable of reliably finding small volumetric defects when the 
defect size is approximately 0.030 inches in diameter and the specimen 
thicknesses are not too great. If the distance between the transducer and 
the defect is large, greater t han 2 near field distances, the minimum value 
of volumetric flaw sizes that can be reliably detected rises considerably. 
For 6-8 inch th ick plates, it is not too surprising to occasionally miss volu-
metric ·defects such as slag inclusions of considerable length. 
If the defects are planar in nature, and tightly closed such as fatigue 
cracks, the sensitivity of the ultrasonic technique is such that flaws 
smaller than 0.10 inches long by 0.050 deep cannot be detected to high degree 
of probability. Table I lists some of the currently available reliability 
data on flaw detection of fatigue cracks by production UT methods . l-6 
There are several reasons for this drop in sensitivity for tight cracks. 
These can be summarized as follows: 
l. The tightness of the crack does not reflect as much ultrasonic 
energy as a volumetric defect of the same apparent projected area.7 
2. Adjacent portions of the crack faces are in contact with each other, 
transmitting portions of the impinging ultrasonic energy.8 
3. The surface roughness of the crack,particularly the fatigue 
striations and angularity changes due to crossing metallurgical 
boundaries, disperse some of the initial energy.9 
4. Plastic deformation associated with the stress field surrounding 
the crack may diffuse the initial energy. 
5. The gross orientation of the crack plane may not be directly 
perpendicular to the initial pulse wave, and curvature of t he crack 
faces may reflect a portion of the energy back to other portions of 
the specimen. 0 
The problem of determining the degree of criticality of the flaw size, 
shape and orientation is very difficult.ll Few studies have been conducted 
on the measurement of the size of small defects by UT. For the case of 
defects whose size is considerably larger than the diameter of the transducer, 
several techniques are available.l2,13,14 These include the AVG diagrams 
developed by Krautkramerl5 and the position scanning methods developed by 
·* Research sponsored by ARPA/AFML Center for Advanced NDE 
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Table I. 
ULTRASONIC FATIGUE CRACK DETECTION DATA 
Technique/Matl'l Flaw Size Prob of Confidence Reference 
Length & Depth Detection Level 
inches % % 
Ultrasonics .186 X .038 90% 95% (1) 
2219-T87 
0 . 2" or 0.36" 
Ultrasonics . 07 90% 95% (set 2) (2) 
Shear Wave . 18 95% 95% (set 2) 
2219-T87 
. 07 90% 95% (set 3) (2) 
. 10 95% 95% (set 3) 
. 125 90% 95% (set 2) (2) 
.33 95% 95% (set 2) 
.80 90% 95% (set l) (2) 
. 15 95% 95% (set 1) 
Shear Wave 
7075-T6511 . 25 90% (3) 
4340 V Mod. .20 90% (3) 
Ultrasonic 
Surface Wave 
2219-T87 .20 90% preproof (4) 
Ultrasonic .09 99% (5) 
Shear .03 50% (5) 
5Al-2.5Sn Titanium 
0.125"Thick 
Ultrasonic Shear 0.07 99% (5) 
5Al-2.5Sn Titanium 0.05 97% (5) 
0 . 5" Thick 0. 07 50% (5) 
Ultrasonic Shear .28 99% (5) 
2219 Al .OS 50% (5) 
0 . 50" Thick 
0 . 02" Thick . 05 99% (5) 
Delta Scan 
D6AC .150 90% induced flaws (6) 
Duplex inspection . 030-075. 90% 95% (6) 
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Giacomo, Crisci and Goldspiel.l6 Both techniques are relatively accurate 
for larger defects. 1he Giacomo techniques uses the motion of the trans-
ducer to determine the size of the defect. The transducer is moved slowly 
across the defect until the reflected signal reaches some lower threshold 
edge, passes through a maximum and diminishes as it passes beyond the crack 
plane. Geometric analysis of the diverging ray pattern emanating from the 
transducer is used to estimate the size of the f l aw. In almost all cases 
the ultrasonic signal analysis underestimates the size of the flaw. These 
underestimates are attributed to 1) tightness of the flaw, 2) multiple 
reflections from the rough surfaces of the crack and 3) diffraction effects.l6 
The AVG diagram introduced in 1959,15 relates the distance of the flaw 
from the probe (A), the amplification of the signal (V) in db and the 
equivalent reflector diameter (G) . A reference graph is drawn for a trans-
ducer by plotting the amplitude in db from a series of flaw disc shaped 
reflectors as a function of the distance of the reflector disc to the trans-
ducer probe in a water bath immersion system. The ultrasonic attenuation 
of the water is then subtracted out and typical graphs show the reflection 
conditions wi~hout the immersion attenuation. The backwall echo shows that 
the reflection of large defects becomes nearly l inear with the distance when 
in the far field of the transducer (approx1mately three near field distances). 
The radiation laws for smal l reflectors show decreases more nearly proportional 
to l/distance2. 
Measurements of the equivalent area of the flaw by consideration of 
reflected amplitude gives information about the possible minimum dimensional 
values and not about the actual dimension of the flaw. It is apparent that 
flaws of different geometric configuration can produce the same maximum 
reflection height, and hence appear to the ultrasonic beam to be the same 
equivalent area. Eccentric ellipti cal-crack like defects and circular flaw 
defects of the same area are two typical examples. 
The amount of information about the revealed flaw can be substantial ly 
increased by considering two aspects of the reflected sign~l, namely the 
frequency content and the indicatrix of scattering. 
Considerable information is available on the use of frequency analysis 
of ultrasonics as a tool for the characterization of defects . l7,18 In this 
type of analysis the frequency content of the ultrasonic pulse is examined, 
and found to change with shape of the defect. This technique was initial ly 
proposed by Gericke. 
The use of the indicatrix or indicia as a method of determining informa-
tion about the shape of the flaw was initially proposed by Gurvich and 
Shchukinl9 and further developed by Gurvich and Yermelov2. The indicia is 
defined as the standardized function which describes the field of the ultra-
sonic waves reflected by the defect to the receiver. Thus, the indicia 
measures the totality of reflected energy from a defect associated with the 
scattering of the ultrasonic waves from a transmitter, as picked up by a 
receiver when both transmitter and receiver are moving in a prescri bed path. 
A typical example of an indicia is shown in Fig. 1. Here the magnitude 
of reflected energy Iris shown as a function of the positi on of the trans-
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Fig. 1. Typical ultrasonic shear wave indicia of 
good hole (0.5 dia.) 
Fig. 2. 
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Typical ultrasonic shear wave indicia of 
hole with crack (0.5 dia.) 
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mitter/receiver. The particular signal recorded is that found within a gated 
position selected previously by considering the reflections from a known 
defective sample. As"the transducer scans across the specimen, the reflected 
energy slowly rises from zero to a maximum and decreases. This scan is of 
a 0.5" diameter straight shank drilled and reamed hole. If there is a crack 
growing out of the drilled hole, the ultrasonic waves are pertubated by the 
additional reflections associated with the crack as well as the original 
reflections associated with the straight shank role. Hence, the indicia 
associated with the ultrasonic scan of the hole plus the crack will look 
typically as shown in Fig. 2. Here the crack is located perpendicular to 
the scan direction.21 Thus, the indicia gives information regarding the 
presence of the crack in the vicinity of the drilled hole. 
The technique used by Gurvich and Yermelov measures the width of the 
indicia at a predetermined level and the skewness of the curves. Conse-
quently, the characteristics of the scattering does not precisely determine 
the shape of the flaw, but it becomes important to determine the known 
scattering from ideal reflectors such as spheres, spheroids and disc~. etc. 
Experimental Program 
The purpose of the experimental program was to develop a series of 
indicia for scattering from known, well characterized defects imbedded in 
the interior of right circular cylinders. The specimens were prepared by 
Rockwell International as part of the ARPA/AFML interdisciplinary program on 
flaw characterization. The orocedures and techniques used to measure and 
characterize the defect type, size and base material have been described 
elsewhere.22 
Ultrasonic indicia were run for all specimens examined, as well as for 
l, 2, 3, 4, and 5 sixtyfourths flat and conical bottom holes prepared in our 
laboratory from 6061 Aluminum. In all cases a 3/8 dia. 5 MH Automation SFZ 
ultrasonic transducer was used. The ul trasonic system was a Sperry UM 715 
with a Transigate H gate system. All scans were produced on a specially 
designed fixture. In this fixture the oosition can be recorded directlY 
using a 10 inch slide wire position transducer and scanning speeds controlled 
with a variable speed screw drive mechanism for one axis. The other axis was 
indexed using a micrometer drive that is manually operated. The ampified 
DC signal from the Transigate was fed into the Y axis of an X-Y recorder 
while the position signal was used as the X axis. At least two series were 
run for each specimen examined; l) a low sensitivity position scan to obtain 
the general configuration for the indicia and 2) a high sensitivity position 
scan to obtain su itable indicia for subsequent digitizing for signal analysis. 
The scanning unit also had provisions for micrometer movements in x, y 
and z directions. Typical ly, the z position was set so that sufficient oil 
contact was maintained during a scan, and subsequently unchanged. A typical 
series of scans would be made by first indexing the x-y positions to obtain 
the supposedly largest reflected signal from the defect within the pre-
selected gated position. Scans were then produced with the screw drive 
unit automatically moving the transducer in the y direction. When a trace 
was completed, hand step scanning was used in the x direction. Thus, a series 
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of indicia could be developed from a trace that indicated no defect within 
the ultrasonic gate, pass ,,through a maximum and then decrease a y varied, 
for each position . Typical indicia obtained are shovm in Fig. 3 and 4, for 
0.025 inch x position changes. 
Since both indicia were made using the same sensitivity for the y 
motion, and an equal0.025 step position for the x position of the trans-
ducer, the difference in the indicia can be attributed only to the shape of 
the flaw . It thus appears that one specimen is not symmetrical about the 
vertical axis, since the number of indicia obtained is considerably smaller 
than that obtained on the second specimen. The apparent area of the defects 
are roughly the same, since the maximum peak heights of the (maximum indicia) 
are roughly the same. Hence, one must conclude that one defect shape is 
elliptical in nature and is elongated along the transverse scan axis. If 
both defects were circular, the scans would be roughly the same, and there 
would be approximately the same number of x traverses. 
Experimental Results 
The simplest method of describing the indicia is to consider the 
amplitude-distance pulse to be the equivalent of an amplitude-time pulse.23 
If this mechanical shock or impulse is applied to a linear system, and the 
response of the system to a unit impulse is known, the response of the 
system to the pulse in question can be estimated by the following: 
-too 
X(t) = J f (r) h(t-T) dT (1) 
_oo 
where X(t) is the response 
f(t) is the forcing function 
h(t-r) the unit impulse response of the system 
t a dummy time variable 
The integral involves the convolution of two complicated functions and the 
exact solution usually poses formidable difficulties. The ana lysis can be 
simplified by applying t he Fourier transform to the phenomena and describing 
the transformation in the frequency domain. It should be emphasized that 
with the Fourier transform analysis of the indicia , the impulse is space-like 
instead of time-like as with the more commonly accepted pulses. 
The Fourier transform is defined as 
A (f) = T f(t)e-i 2 1rftdt 
-00 
(2) 
with the additional requirement that f(t) is finite. When f(t) is a shock 
or indicia the latter requirement is automatically satisfied since at t = 0, 
and t-f, f(t) = 0. 
134 
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If the driving functjon is given by a short duration square pulse of 
duration T, and amplitude''A, shown in Fig. 5, the Fourier spectrum of the 
rectangular pulse is given by: 
A(f) = AT sin nft 
1T ft {3) 
This is shown in Fig. 6. Thus, it appears that driving functions that are 
Dirac in nature, transform into a series of loops whose frequency between 
nodes (zeros) is inversly proportional to the width of the pulse T. Similar 
results can be obtained for sinusoidal driving pulses and triangular pulses.23 
Since the observed indicia are all pulse-like in nature, an analysis was 
made to determine the Fourier spectrum of the indicia. A typical Fourier 
spectrum of an indicia is shown in Fig. 7. For some indicia it was found that 
the nodes did not necessarily pass through zero, but had minimum which could 
be associated with the width of the pulse. This means that in contrast to 
the Dirac or Square pulse which is missing energy at certain frequencies, 
these pulses contained energy in these positions. 
A plot could then be made of the "order of the node" vs. the frequency 
at which the node passed through zero, or through a minimum. For most of 
the specimens examined this resulted in a straight line, indicating that the 
general shape of the indicia was that of a space-like pulse , whose shape 
could be described in terms of some idealized width related to the equivalent 
width that the ultrasonic probe believes the defect to be. 
Since the actual width of the defect is known and the number of passes 
needed in the step scanning system is also known, the width of the largest 
peak indicia can be taken to correspond to the transducer scanning the defect 
at its widest point. Hence, a graph of the slope of the node order-frequency 
plot could be determined as a function of the known maximum width of the 
series of defects. This is shown in Fig. 8. Using a least squares fit, a 
straight line has been drawn through the experimental points. 
The analysis of an unknown defect would then proceed as follows: 
1) the maximum indicia height pulse would be transformed into frequency 
space. The position of the nodes would be determined, and the slope of the 
order-frequency plot determined for this unknown. Entering Fig. 8 the width 
of the unknown could then be determined. If a series of scans are made for 
an unknown, and the position of the Y axis known, then the value of the ultra-
sonic indication of the width of the specimen could be determined at each 
scan position. The first and last indicia are essentially straight lines, 
of Fig. 3 and 4 {when the probe field no longer interacts with the defect). 
Hence, the maximum of the indicia for each scan in the step variable X 
positions of the scan unit could also be considered as an indicia of the 
scan in the X direction. This is reasonable for if the scan were made in 
a direction 90° to the original scan, the value of the ultrasonic width of 
the defect could be determined in a more straight forward manner by examining 
Fig. 8. 
136 
  
Lo.J 
c 
::::> 
I-
.... 
...J 
1.0 
~ 0.5 
c:( 
:::E: 
0::: 
c 
..... 
V} 
;z: 
~ 
1-
0 
A 
TIME (DISTANCE) 
Fig. 5. Square pulse for driving function for 
impulse analysis 
1 FREQUENCY (MHZ) 
f 
3 
f 
Fig. 6. Fourier spectra for pulse shown in Fig. 5. 
137' 
  
12 
9· 
LU 
0 
:=> 
1- 6 . .... 
_..J 
G. 
::E 
<:( 
3. 
1- r:: 
0 .., 
_..J 
0.. 
>-
u 
z 
LU 4 :=> 
c:r 
LU 
0:: 
LL. 
C/) 
> 
0:: 3 
LU 
0 
0:: 
0 
...... 
<.!) 
z 2 ..... 
0:: 
LL. 
LL. 
0 
LLI 
0.. 
0 
_..J 
Vl 
0.5 l .5 
FREQUENCY (MHZ) 
Fig. 7. Typical power spectra of defect indi cia 
• • 
• • 
• 
• 
2 3 5 
WIDTH OF DEFECT (inches x 100) 
Fig. 8. Slope of fringe order vs frequency plot {m) 
vs actual defect width 
138 
2 
  
\ 
Following this reasoni ng, one can reconstruct the shape of the defect 
from the analysi s of the indicia. The reconstruction of typical spherical 
defect, specimens N, 0 and P are shown in Fig. 9. The major problem with 
these results appear to be that the inherent scatter i n the slope curve, 
Fig. 8 results in uncertainties in the ultrasonic width and hence, the 
exact sha pe of the defect. It ~1ould be difficul t to determi ne if the defect 
were truly ellipsoida l in shape or c ircular. 
Thi s method of measuring the shape of the defect depends strongly on 
the shape of the pat tern of the lobes of the pressure pattern generated by 
the transducer. It has been observed t hat if the transducer is rota ted 
slight ly, the pressure pattern of the transducer changes and can influence 
the shape of the indicia; hence, the analysis of the size of the defect. The 
process must be repeated for each transducer. 
A more di rec t method of determining t he shape of the de fec;t 8an be 
made follow ing Gurvi ch and Shchuk i n and Gurvich and Yermolov.l9,2 These 
authors give an impression for t he shape of t he ind icia when the probe sonic 
axis and the scattering axis of the defect (assumed to be spherical or disc 
like ) are aligned during the scan. The standardi zed funct ion for the 
envelope sequence of echo si gnals or the shape of the maximum indic ia is 
given by: 
F(x) 
(4) 
( X; ) 2 [ 11 ( Xi 90 arctg fl cos 590 arctg if ) 
n/ ( H2)';1 + H? - 2exp- [26 X~+ J 
Where f(x) is t he indici a function 
x. = posit ion of the transducer at the maxi mum echo signa l 
1 
H = the depth of the defect 
¢ 0 = scattering coefficient of defect 
0 
· o angle relating t he major pressure pa ttern angularity 
~ attenuat ion coeff icient 
n = 2-spheres , 1-disc 
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Fig. 9. Plot of ultrasonic indicia defect shape (RH. Side) 
vs actua1 defect shape (LH side). 
Fig. 10. Schematic for calculating scattering indicatrix 
of a reflector. 
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The experimenta:l confi guration for this system is shown in Fig. 10. Since 
the shape i s normalized, i.e. the scatt eri ng factor for the actual defect 
configuration divide out, one is primarily interested in the changes of shape 
that occur with changes in the beam width of the transducer , i.e. change in 
the ~0 . Computations of the standardized indicia for various values of ¢0 are g1ven in Fig. 11. It can be seen that the analysis predicts secondary 
peaks, and indicate that for certain conditions the ultrason ic signals should 
drop and rise again with further motion of the transducer. This has been 
observed with 45°shear wave transducers21 and is due to the formation of 
multiple reflections from the defect with the gated position as the transducer 
moves over a large distance . However, for this analysis we are interested 
pr imarily i n the shape of the primary peak. By a suitable cnoice of ¢ 0 , 
the maximum indicia can be made to agree nicely with the pred icted curves , 
as seen in Fig. 12. 
It should be pointed out that in t hi s analysis, the shape of the ultra -
sonic pressure pattern from the transducer given by the parameter ¢0 is 
not known apriori , and that here too, a best f it must be made with the data 
using some known flaw as a standard. The pressure pattern of the transducer 
may also alter depending upon the rotation of the t ransducer, and must be 
determined for each transducer. However, once the pressure pattern of the 
transducer is wel l established analysis of the shape and ind icia is 
relatively strai ght forward. 
Conclusions 
The ability of the ultrasonic indi cia to characterize the shape and size 
of imbedded defects has been developed and examined. The results of an experi-
mental program to character ize these defec t s has shown the following: 
1. The shape of the ind ic ium gives an i ndication of the shape of the 
defect and can di stinguish between elongated defects and spherica l 
defects. 
2. By cons ider ing the indicia to be pulse-l i ke instead of space-like, 
a frequency spectra can be determined by ma king the appropriate 
Fourier transform. The position of the nodes of the spectra can 
be used to determine the size of the imbedded defect, and to 
determine the size of the imbedded defect, and to approx imate the 
shape of the defect. 
3. The shape of the max imum indicia can be ana lyzed using Gurvich 
and Yermelov's analysis and can be made to fit v1ell with the 
es tablished curves if the shape of the pressure pattern from the 
transducer is used as the independent variable. 
4. The characterization of s ize and shape of small defects by either 
the Fourier transform of the ind icia or by the Gurvich and Yermelov 
analysis is dependent upon the orien t ation of the transducer and 
the pressure pattern of the transducer, and rotation of the trans-
ducer ca n l ead to significant errors. 
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DISCUSSION 
DR. ONO (UCLA): It seems to me that the convolution you are taking is a special 
one and you would also have to consider the shape of the transducer's out-
put. 
PROF. PACKMAN: Yes. That's what I'm talking about. 
DR. ONO: And you hardly mentioned that it's a Dirac &-function pulse as an 
input, and this doesn't seem to match with what you normally use. 
PROF. PACKMAN: Now, I think I went too fast. I was talking about two differ-
ent things. When I do the Laplace transform, which is the go/no go flaw 
identification out of a hole, I do an impulse analysis, which is the 
Laplace transform. In that particular case, the input function happens 
to be a Dirac &-function only because of the fact that the Dirac trans-
forms to unity. When I do the characterization by the indicia off the 
Rockwell specimens, it's all in the Fourier transforms. There are no 
impulses. In other words, there is no--
DR. ONO: Weren't those Fourier transforms at that point? You just used the 
deconvolution, right? 
PROF. PACKMAN: Right. There is no input function. In other words, the 
Dirac &-function is not an input function in the Fourier transform. It's just a frequency spectrum. 
DR. ONO: That's the point where I'm sort of confused. You are merely taking 
the special convolution. 
PROF. PACKMAN: Right. 
DR. ONO: So that you really need the special function of the input transducer. 
Then you are trying to deconvolute that response function. 
PROF. PACKMAN: Yes. 
OR. ONO: What is that shape when you are taking that deconvolution? 
PROF. PACKMAN: It's the shape of the scan. In other words, it looks something 
like this--it would look something like this, where this would be amplitude 
versus position; and this is what I made a Fourier transform of. 
DR. ONO: Yes. But in order to get that shape, the final shape you deconvolute? 
PROF. PACKMAN: I deconvolute. 
DR. ONO: You also need the shape of the transducer's response? 
PROF. PACKMAN: No. All I'd do is I'd get a shape that would look like this 
and I take these nodal positions, and this is related to some measure of 
the ultrasonic measure of the defect's width. 
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PROF. J. A. KRUMHANSL (Cornell University): Very briefly, a clarification. 
Ermolov 's analysis is for scaler wave acoustics, right? 
PROF. PACKMAN: Yes. 
PROF. KRUMHANSL: Well, I think the philosophy of what you are doing is 
interesting , but I think once you realize, I think it's been b~ought 
out before, that going too quantitatively into the inter~retat1on of the 
analysis of these functions is a little bit of game play1ng for now. I 
wish we could provide you with something more up to date, but that's 
hopefully coming. 
PROF. PACKMAN: Yes. I agree. I said that I think, you know, we're kidding 
ourselves in thinking that it's giving me some original information out 
of it because it's transducer dependent. It isn't an absolute, I'm 
using'the transducer to make my measurements and then I'm using my 
transducer to deconvolute to tell me what the defect looked like, which 
is really the kind of thing I'm doing. 
PROF. KRUMHANSL: Being guided by experience is perfectly valid in adapting 
analogies from geometric objects to this problem. 
PROF. PACKMAN: Right. That's exactly what's going on. 
OR. WOLFRAM (University of Missouri): We have time for one more short 
question. 
MR. ABALOS (Rockwell, Space Division): When you have your Fourier signal of 
the unknown, I think you mentioned you attempted to trace your steps back 
and determine what the unknown looked like . Did you try any digital 
frequency techniques or any sharpening up of your Fourier signal to 
attempt to get a better picture of the unknown? 
PROF. PACKMAN: No. This is something I learned Thursday in San Franci sco. 
Those extra indi cia are not nice smooth indicia like this. Some of them 
appear to have things like this associated with them, and these things 
are associated with the fact that you've got .a wave here, and you've 
got another wave here. This thing appears to be associated with the 
fact that I'm not gatering close enough. In other words, I'm getting 
two signals --two waves are coming back, and as I rotate across, the 
relative magnitude of those two waves changes. 
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